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A B S T R A C T
In this research we investigate the structure of glassy NiTi using molecular dynamics simulations. The ﬁnal
conﬁgurations are obtained by decreasing the temperature of liquid NiTi rapidly from 2500 K to 300 K, with
various cooling times from 0.1 ns to 2.0 ns. We found that the height of the peak values for structural factors
slightly increases with an increase in cooling time. From the analysis of local atomic packing using the bond-
angle method, we also ﬁnd that the count of hexagonal close packed (HCP)-like structure drops at the longer
cooling time, a ﬁnding which is contrary to the trend for body-centered cubic (BCC)-like and icosahedral short-
range order (ISRO) structures. It is also observed that face-centered cubic (FCC)-like structure is insensitive to
change in cooling time.
Introduction
As a result of its functionality in many industrial domains, NiTi alloy
has attracted the attention of researchers in recent decades [1,2]. This
material has some distinctive properties, such as shape memory eﬀect
(SME), biocompatibility, superelasticity, damping, and impact absor-
bance. The SME characteristic allows NiTi alloy to regain its original
shape from a deformed position via a thermal process. Properties of the
material are very sensitive to the percentage of its atomic composition
and contamination by oxygen, nitrogen, and carbon from the environ-
ment during fabrication [1,2], and these complications of the fabrica-
tion and manufacturing processes hamper the widespread application
of NiTi alloy [1,2]. Recently, experimental work has been devoted to
developing new additive manufacturing methods to fabricate a highly
controlled composition of NiTi alloy; however, this method is con-
sidered expensive for commercialization [3,4].
In addition, a theoretical study is indispensable to provide a com-
plete view of the fabrication process of NiTi alloy. A realistic theoretical
model at the atomic level can be produced via molecular dynamics
(MD) simulations. However, to the best of our knowledge, most MD
studies to date have focused on the structural transformation of the B2
to B19′ phase and vice versa [5,6], while the initial investigation of the
fabrication process of NiTi alloy has only been reported previously by
our group in terms of the melting behavior of NiTi alloy [7] and the
pressure eﬀect on liquid NiTi structure [8]. The other MD study has
been performed using modiﬁed embedded atom method (MEAM) po-
tential to investigate the mechanical properties of single-crystalline
metal (Ni and Cu) nanowires [9]. Another critical factor aﬀecting the
structure of solid NiTi alloy is the cooling time of the solidiﬁcation
process. In this paper, the detailed analysis of some local structures of
glassy NiTi, drawn from our MD simulations at diﬀerent rapid cooling
times, are presented. These results are important to clarify the pattern
of the structural change of the crystalline growth process of NiTi alloy
at diﬀerent cooling times.
Computational details
We utilized the Large-Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package [10] to carry out all MD simulations.
Embedded atom method (EAM) potential is employed to describe the
interactions between TiTi, NiNi, and NiTi atoms [11]. Using this po-
tential, it has been shown in our previous simulations that the experi-
mental melting point of eutectoid NiTi alloy has been reproduced ac-
curately up to 94.76% [7]. In this simulation, the initial conﬁguration,
which can be seen in Fig. 1, was prepared by heating the B2 crystal
structure of NiTi alloy to 2500 K. This temperature was chosen since it
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is considerably higher than the melting temperature of NiTi alloy to
ensure that the eﬀect of B2 crystal structure has disappeared. We ap-
plied periodic boundary conditions in the cubic supercell with the same
length of x-, y-, and z-directions of 64.874 Å. We used the timestep of
Δt=1 fs to solve the equation of motions using the Verlet algorithm. At
the beginning of simulation process, we decreased the temperature of
the systems from 2500 K to 300 K during tcooling= 0.1 ns to 2.0 ns in the
NPT Nosé-Hoover ensemble [12,13] at 0 GPa. The system was then
equilibrated for 0.1 ns using the same ensemble. Finally, the data were
extracted from the extra MD simulation in the NVT ensemble for 0.03 ns
(30,000 MD steps), in which the convergences were already achieved.
We carried out the analysis using Ovito [14] and Rings package [15] for
the image rendering and structural analysis.
Results and conclusions
All the results are extracted from the NiTi system at 300 K, which is
in a glassy state. Structures of the glassy NiTi obtained from diﬀerent
quench rates are evaluated in terms of structure factor S(q). We can see
from Fig. 2(a) that only a small diﬀerence between the S(q) of the
system at total cooling times (tcooling) of 0.1 ns and of 2.0 ns can be
observed. The height of the ﬁrst and the second peaks of the S(q) of the
system from tcooling= 2.0 ns are slightly higher, by 0.08 and 0.09, re-
spectively, than for the shorter cooling time. These results are averaged
from the atomic conﬁgurations of thousands MD step that has
converged. From Fig. 2(a) it can be seen that the shoulder of the second
peak in the glassy NiTi, obtained from tcooling= 0.1 ns, clearly exhibits
at q=5.69 Å−1. This indicates the presence of ISRO local atomic
packing, as found in our previous simulation of liquid NiTi under high
pressure [8]. In the S(q) of the system from tcooling= 2.0 ns, we can see
that the shoulder is lower and its location shifts to the left at
q=5.34 Å−1, and a new smaller peak grows from the shoulder of the
second peak of the system from tcooling= 0.1 ns (see lower inset of
Fig. 2(a). According to the previous report [16], the splitting of the
second peak directly corresponds to the existence of the face sharing
regular tetrahedra in the short-range order structure.
In order to investigate the local structure of glassy NiTi, we em-
ployed the bond-angle method developed by Ackland and Jones [17].
This method evaluates the angular distribution of local neighboring
atoms and appoints a structure type, such as FCC, HCP, BCC, or ico-
sahedral, to each atom. We performed this analysis for all atoms
without diﬀerentiating Ni and Ti species, since the bond-angle method
has been designed only for systems containing a single type of atom.
From Fig. 2(b), it can be clearly seen that the trend in ISRO local atomic
packing increases when the total cooling time is longer, while the
tendency for FCC local atomic packing remains constant. Fig. 2(c)
shows that at very rapid cooling rates (tcooling= 0.1 ns–0.3 ns), the HCP
local atomic packing count is higher than for BCC structure, with the
tendency to decrease and to increase, respectively. For the system at
tcooling= 0.4 ns and higher, the count for BCC local atomic packing
overtakes that of the HCP local environment. Thus, we can say that HCP
dominates the local structure of glassy NiTi at 300 K for very rapid
cooling times, while the most frequent local atomic packing in the
system obtained from longer cooling time is BCC type. The further
analysis is needed in the future investigations to show whether the BCC
local atomic packing is related to the B2 local structure or not.
It can be concluded from our results that the height of the peaks of
the structure factors of glassy NiTi slightly increases with the decrease
in quench rate. The splitting of the second peak, which is a sign of the
presence of face-sharing regular tetrahedra in the short-range order
structure, is also found in the glassy NiTi from our longest cooling time
of tcooling= 2.0 ns. From the analysis of local atomic packing using the
bond-angle method, we can notice that the count of HCP-like structure
decreases at higher quench period, which is contrary to the trend for
BCC-like and ISRO structure. BCC local atomic packing is more frequent
than the other local structures of glassy NiTi obtained from the
tcooling= 0.4 ns and higher at 300 K. It is also observed in our result that
FCC-like structure is insensitive to the change in cooling time.
Acknowledgment
This work was supported by a Penelitian Dasar Unggulan Perguruan
Fig. 1. Liquid NiTi conﬁguration at 2500 K. The system contains 8000 atoms
for each of Ni and Ti. The red and blue spheres correspond to the Ni and Ti
atoms, respectively. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 2. Structural analysis of glassy NiTi alloy at
diﬀerent cooling times: (a) structure factor S(q) from
the system obtained from cooling time tcooling=0.1 ns
and 2.0 ns. The magniﬁcation of the ﬁrst and the
second peaks are shown in the upper and lower in-
sets, respectively. Count of local atomic packing ob-
tained by the bond-angle method as a function of
tcooling for (b) ISRO- and FCC-like, and (c) HCP- and
BCC-like structure. The symbols and solid lines cor-
respond to the simulation results and their regres-
sions models (3rd order polynomial), respectively.
R. Ariﬁn, et al. Results in Physics 15 (2019) 102545
2
Tinggi (PDUPT) research grant from the Direktorat Riset dan
Pengabdian Masyarakat, Direktorat Jenderal Penguatan Riset dan
Pengembangan, Ministry of Research, Technology and Higher
Education of the Republic Indonesia (second period) in the ﬁscal year
2019, under contract No. 035/SP2H/LT/MONO/L7/2019. We thank
Dr. Tauﬁq Widjanarko for his constructive suggestion in this manu-
script. We also thank Prof. Benny Tjahjono (Coventry University) for his
expert advice and comments on the manuscript.
References
[1] Elahinia MH, Hashemi M, Tabesh M, Badhuri SB. Prog Mater Sci 2012;57:911.
[2] Sharma N, Jangra KK, Raj T. Proc IMechE Part L: J Mater Des Appl 2018;232:250.
[3] Lee KS, Yang DY, Park SH, Kim RH. Polym Adv Technol 2006;17:72.
[4] Williams E, Shaw G, Elahinia M. Mechatronics 2010;20:527.
[5] Sato T, Saitoh K, Shinke N. J Soc Mater Sci Jpn 2005;54:193.
[6] Wang M, Jiang S, Zhang Y. Materials 2018;11:2334.
[7] Ariﬁn R, Malyadi M, Munaji, Buntoro GA, Darminto. J Phys Conf Ser
2019;1171:012035.
[8] Ariﬁn R, Malyadi M, Munaji, Buntoro GA, Darminto. J Phys Condens Matter
2019;31:365401.
[9] Yang Z, Lu Z, Zhao YP. Comput Mater Sci 2009;46:142.
[10] Plimpton S. J Comput Phys 1995;117:1.
[11] Zhou XW, Johnson RA, Wadley HNG. Phys Rev B 2004;69:144113.
[12] Nosé S. Mol Phys 1984;52:255.
[13] Hoover WB. Phys Rev A 1985;31:1695.
[14] Stukowski A. Model Simul Mater Sci Eng 2010;18:015012.
[15] Roux SL, Jund P. Comput Mater Sci 2010;49:70.
[16] van de Wall BW. J Non-Cryst Solids 1995;189:118.
[17] Ackland GJ, Jones AP. Phys Rev B 2006;73:054104.
R. Ariﬁn, et al. Results in Physics 15 (2019) 102545
3
